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Abstract
Past research studies have acknowledged the role of resilience in policies and decisions to address disruptive events and 
proposed frameworks to measure it. The scope and diversity of these unwanted events highlight the need to evaluate the 
resilience of a system to a specific disruptive circumstance. The broad scope and generic form of the previous studies limit 
their usefulness as a practical tool for analyzing the factors affecting system performance. To overcome this problem, we 
are only focusing on the behavior of systems that produce, distribute, and deliver food, energy, and water (FEW) during and 
after the occurrence of a sudden shortage of labor. Resilience metrics are first developed to measure the resilience of the 
FEW systems. Next, the performance levels of the FEW systems are clearly defined based on the FEW demands that are 
not served. Third, the labor intensity of FEW productions is calculated to assess the impact of a sudden labor shortage. This 
study recognizes the complex interdependencies among the FEW systems and, thus, aims to examine their resilience as a 
single system. Last, the labor shortage in the USA caused by the COVID-19 pandemic is chosen as a use case to measure the 
system performance and role of adjustments on the FEW systems. The results show that a labor shortage can significantly 
impact the FEW system performance, possibly due to the high energy dependency of food and water systems and the high 
cost of storing energy. Also, the current food system has shown more resilience to a sudden labor shortage compared to the 
energy and water systems because of the availability of various food alternatives to meet the demand for each food category.
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1 Introduction

As we are striving to maintain and improve the quality of 
services delivered by critical infrastructures systems during 
a pandemic, resilience becomes more and more important. 
Several researchers have provided valuable insights into 
the behavior of these systems during and after the occur-
rence of disruptive events (Govindan and Al-Ansari 2019; 
Schlör et al. 2018; Scott et al. 2015; Zimmerman et al. 
2016). Despite their markedly different approaches, studies 

on systems resilience emphasize the role of quantifying 
the resilience of the network of essential resources and/or 
services. Metrics are developed and used to measure and 
evaluate the behavior of systems such as time-dependent 
operational and infrastructure resilience metrics proposed by 
Panteli et al. (2017) or systemic resilience in terms of indi-
vidual asset level and vulnerability characteristics of critical 
infrastructure networks by Pant et al. (2018).

The challenge of a labor shortage is not new, and many 
studies have investigated the vulnerability of a system to 
a labor shortage. This problem, however, has never really 
gained enough traction until recently when the new coro-
navirus began to spread. Labor-intensive industries (e.g.,, 
agriculture and food service) are facing a shortage of work-
ers to produce, distribute, or deliver the products as the novel 
coronavirus pandemic intensifies. The need for increasing 
resilience of critical infrastructure systems during volatile 
health emergencies, such as the outbreak of coronavirus 
disease 2019 (COVID-19), is more important than ever 
in today’s world. This will undoubtedly place increasing 
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pressures on those responsible for providing us with fun-
damental needs such as food, energy, and water. To limit 
the spread of COVID-19, many workers have been ordered 
home or to self-quarantine and thus unable to work. Hynes 
et al. (2020) reviewed the impact of COVID-19 and dis-
cussed the notion of resilience on socioeconomic systems. 
They concluded that system analysis models have to improve 
to better integrate real-world dynamics such as social and 
behavioral heterogeneity. To evaluate the effectiveness of 
FEW policies and their systemic impacts, this study seeks 
to understand to what extent the resilience of food, energy, 
and water (FEW) systems enables us to successfully respond 
to unexpected labor shortage shocks.

To achieve this goal, we should first clarify the meaning 
of the term ‘resilience’ and provide the scopes and dimen-
sions encompassed by it. Although previous studies differ 
substantially in their underlying assumptions and conse-
quently in their modeling structure, they have two elements 
in common: the system performance and the disruptive 
event. The scope of the study is limited to the interlinkage 
between FEW systems and the effects of a particular disrup-
tive event on the system’s performance. The disruptive event 
is a sudden labor shortage. In the following sections, we will 
discuss in more detail how the resilience of FEW systems 
can be defined. Section 5 aims to describe and measure sys-
tem performance. The scope of this study is limited to the 
behavior of FEW during and after the occurrence of a sud-
den shortage of labor. Thus, the labor intensity of FEW pro-
ductions is measured in section 6. It is essential to know the 
amounts of labor used to produce FEW goods or services. 
The labor-related data (e.g., employment data) are available 
from multiple sources and/or on multiple variables. This 
study can contribute to the literature by compiling labor-
related data and presenting it in a summarized format. We 
focus on the workforce directly involved in the production 
and governance of FEW systems in the US to provide a 
dataset that can be used for the FEW system assessments. 
This is followed by the assessment of the impact of a sudden 
labor shortage on the resilience of FEW systems.

2  Problem description

Because of the diversity of the FEW systems and the wide 
disparities in their production rates, the resilience analy-
sis frameworks developed or proposed over the past few 
years failed to obtain wide acceptance and practical use. 
The U.S. Department of Homeland Security managed and 
implemented over sixty projects and programs during the 
last decade to help strengthen the security and resilience 
of the nation’s critical infrastructure; No single resilience 
metric or framework could be a solution for these projects 
to enhance awareness of potential disruptions and predict 

potential changes in the critical infrastructure sectors (DHS 
2020). These measurement metrics are generic, academic-
wide models that function well as a resilience assessment 
tool for many systems engineers and managers. However, 
their broad scope and standardized form limit their useful-
ness as a quantitative model for evaluating the resilience of 
a system to a specific disruptive circumstance such as labor 
shortage.

The proposed methods can be used generically on a 
wide variety of systems and under different disruptive sce-
narios. Without precisely defined metrics around system 
performance, such studies face challenges in assessing sys-
tem behaviors to a specific disruptive event. Consensus on 
definitions, metrics, and models for resilient supply chains 
does not exist, and a comprehensive, systems-based view is 
necessary for furthering the field of resilience (Golan et al. 
2020). Although the concept of measuring resilience of 
FEW systems was proposed almost a decade ago (Vogt et al. 
2012), no study in the literature focuses on measuring resil-
ience of FEW systems to a sudden labor shortage. To build 
more resilient FEW systems, there is a gap between what we 
know (e.g., how much labor, water, and energy are required 
to produce certain amount of food) and what we do not know 
about the impact of labor shortage on the performance of 
FEW systems. A contribution of this study to bridge this 
gap is to specifically assess the ability of FEW systems to 
reduce the magnitude and/or consequence of labor shortage.

3  Resilience of FEW systems

The concept of infrastructure resilience has evolved from 
the infrastructure’s ability to provide the service for which 
it is intended (or simply system effectiveness) to include 
other dimensions of performance that an infrastructure sys-
tem is expected to provide (e.g., cost and reliability). For 
instance, reliability has been used in the late 1970s, and 
continued through the 1980s, as the probability that the 
expected service will be sustained at acceptable levels for 
an extended period, generally throughout the design lifetime 
of the system (Lemer 1996). Therefore, it is necessary to 
include performance effectiveness, reliability, and cost fac-
tors in any measurement of resilience. This section aims to 
provide a mathematical basis that helps evaluate the impact 
of a disruptive event (e.g., sudden shortage of labor). Resil-
ience metrics can generally be grouped into two categories: 
Attribute-based metrics rely on survey responses and sub-
jective weighting values for system properties that can be 
beneficial to resilience to explore the main attributes of the 
system affecting resilience. Performance-based metrics are 
generally quantitative approaches for describing infrastruc-
ture system outputs in the event of specified disruptions and 
formulate metrics of system resilience (Vugrin et al. 2017). 
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The present study uses a performance-based approach to 
quantify the current state of resilience for a system to a 
specified disruptive event.

The scope of the study does not undermine or question 
the importance of soft (e.g., consumption behavior, collabo-
ration, community engagement) and other hard factors (e.g., 
equipment and raw materials) that influence resilience. The 
authors are aware of the fact that both hard and soft factors 
play important roles in achieving resilience (Fox-Lent et al. 
2015). However, some of these are very difficult to quantify 
and thus social and community components are not included 
in the present study.

In this study, the following definitions are used:

• Resilience is the ability of a system to effectively com-
bating (absorbing, adapting to or rapidly recovery from) 
disruptive events (Mumby et al. 2014).

• The disruptive event(s) is an unwanted situation(s) that 
makes the system’s normal performance level susceptible 
to disruption (Hu et al. 2008).

• Absorptive capacity is the degree to which a system can 
absorb the impacts of system disruption and minimize 
consequences with little effort (Vugrin et al. 2011) (e.g., 
storage capacity of food or water to overcome supply or 
production disruption).

• Adaptive capacity is the ability of a system to react to 
undesirable shocks by undergoing some adjustments 
(Kebede et al. 2016) (e.g., shift the use of energy or other 
resources).

• Restorative capacity is the ability of a system to be 
repaired quickly and return to normal or improved opera-
tions and system reliability (Ouyang et al. 2012).

• A sustainable system is a system that can consistently 
meet its demands with sustainable inputs rather than 
using non-renewable sources (Karan et al. 2018).

To quantitatively measure resilience and sustainability, 
the metrics developed by Francis and Bekera (2014) and 
Karan and Asadi (2018) are adopted in this study. Francis 
and Bekera proposed a resilience metric that incorporates 
the three resilience capabilities (absorptive, adaptive, and 
restorative) and the time to recovery. Karan and Asadi devel-
oped an integrated sustainability index that incorporated 
FEW components. These components each consist of differ-
ent sub-components (e.g., transportation fuel for the energy 
component, public supply for the water component, and 
grains for the food component) that make up integrated FEW 
systems. The resilience of a system to a specific disruptive 
event can be determined by total recovery effort, which is a 
function of the duration of recovery and the recovery costs 
(Vugrin et al. 2010). The total recovery effort is comprised 
of adjustments related to the adaptive capacity and restora-
tion efforts to repair the system and return it to normal or 

improved operations. The adopted metric for resilience does 
not include the cost dimension, despite the importance of 
recovery costs following disruptive events. Lack of resil-
ience can result in serious economic implications. For same 
disruptions, systems disproportionally differ in the degree 
of economic losses and the economic impact of disruption 
does not correlate with the size of economy (Kurth et al. 
2020). We incorporate a cost dimension into the definition 
of resilience and proposed the following resilience metrics:

Absorptive capacity resilience metric,

Adaptive capacity resilience metric,

Restorative capacity resilience metric,

Integrated resilience metric,

where P0 is the original stable performance level (before the 
occurrence of the disruptive event), PD is the performance 
level immediately post-disruption and before any recovery 
efforts, Pa is the performance level after initial adjustments 
have been made, PR is the performance at a new stable level 
after recovery efforts have been exhausted, t0 is the start 
time of the disruptive event, ta is the time to complete initial 
adjustments, tr is the time to final recovery, tslack is the maxi-
mum amount of time post disaster that is acceptable before 
recovery ensues (varies based on system’s function), Ca is 
the cost needed to complete initial adjustments, Cr is the 
recovery cost, Caut is the cost of full automation so systems 
can perform continuously with no or with minimal human 
assistance.

The slack time can start from the time of the appearance 
of a labor shortage due to a disruptive event until the time of 
full recovery of the system (Nanab et al. 2014). The revised 
resilience metric is dimensionless and thus can be used in a 
comparative manner.

Figure 1 better illustrates these metrics and ratios. Con-
sider the impact of COVID-19 on agriculture as a hypotheti-
cal example. The first case of the disease labeled as Covid-
19 is detected at t0. Because of this disruptive event, farmers 
are unable to find enough workers to harvest their crops or 
care for their animals. After some time, we notice a drastic 
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reduction in the overall system performance (e.g., empty 
shelves of meat). When the performance of the system is 
at its lowest (PD), we start making initial adjustments at td 
such as cutting down on meat and try alternative sources of 
protein to get the recommended daily intake. The cost of 
these adjustments is estimated at Ca and it takes  ta to com-
plete them. Making these adjustments would result in an 
overall increase in the system’s performance and brings the 
system to a new performance level, Pa. With the aid of sev-
eral different investments (e.g., automation, use of high-tech 
mechanical ventilation), agriculture is gradually returning to 
normality and after some time, tr, it may be able to restore 
most of its services thereby achieving a new equilibrium, PR. 
The cost of these investments is estimated at Cr.

4  Defining and measuring the system 
performance

To capture the performance of an infrastructure system, sev-
eral measures including cost, quality of service, capacity, 
safety, and environmental impacts need to be defined and 
used (Martland 2012). Also, when defining and measur-
ing performance, it is crucial to consider the perspective 
of entities and stakeholders that are involved or potentially 
impacted by the infrastructure. Performance monitoring and 
measurement are at the heart of resilient control systems. 
The lack of precise definitions and performance measure-
ment tools that span the entire supply systems are the major 
obstacles to the analysis of the effectiveness of the FEW 
systems over time. The eventual goal of performance-based 
resilience metrics is to quantify the system performance 
after the occurrence of a disruptive event. The system per-
formance can be measured based on the system delivery 
(e.g., gallons of water not delivered) or greater community 
impacts such as the number of household days without water 
or the number of emergency systems without power (Watson 
et al. 2015). Table 1 lists a set of performance measures 
for some of the critical infrastructure systems proposed by 

various researchers. An example of potentially disruptive 
events for each system is also included in the Table.

A review of resilience metrics presented in Table 1 indi-
cates that FEW demands that are not served and the number 
(or percentage) of people without service during a specified 
period are two potential means for performance measure-
ment. Consider the following scenario as an example; Due 
to a disruptive event, 400 out of 1000 utility customers do 
not fully access to water service for 2 h. If they experience 
low or no water pressure, then the first approach better rep-
resents the state of resilience for the water system but if 
customers experience water outages (e.g., shutdown of the 
water supply), it is likely to be more accurate to use the sec-
ond approach. To define the system performance, it is quite 
important to specify essential services of the system, those 
that must be maintained at close to full capacity through the 
disruptive event. For example, drinking water is estimated 
as 1 gallon (or 3.8 l) per day per person, accounting for 
1% of the total household water usage (Blackwood et al. 
2017). Drinking water may only be a small portion of our 
water usage every day, but it is more essential than landscape 
irrigation, car washing, or even toilet flushing for the water 
system. The acceptable level of resilience can be defined 
based on the time and magnitude of essential food, energy, 
or water supply. For example, water service disruptions for 
less than 4 hours should be different from those more than 
12 h disruptions.

4.1  Measuring the performance of water systems

A water supply system transfers water from a source (e.g., 
lake, river, or underground) to a treatment or purification 
facility and then carries the treated/purified water to end 
users. Sometimes the raw water can be directly transferred 
to users (e.g., for thermoelectric power). In this study, the 
performance of water systems is measured based on eight 
water-use categories included in the U.S. Geological Survey 
(USGS)’s National Water-Use Science Project; public sup-
ply, domestic, irrigation, thermoelectric power, self-supplied 
industrial, mining, livestock, and aquaculture. Whenever 

Fig. 1  Time and cost dimen-
sions of system performance 
under unwanted disruptive 
situations
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possible, each water-use category is further broken down by 
a number of subcategories to better analyze the time inter-
vals that the water demand is not served. Currently, the sub-
category data are only available for Irrigation and Domestic 
water-use categories.

Table 2 lists the daily freshwater consumption for these 
water-use categories components, their energy usage, 
and the (regular) time interval to meet the water demand. 

For example, when the time interval for toilet flushing is 
assumed to be 3 h (as it is recommended to empty the blad-
der once every three hours (Schade 2006)), then disrup-
tion of water service for 3 h will not meet the toilet water 
demand. The discussion on the length of the time interval 
is crucial and the periods reported here are not meant to 
be conclusive or significant. The U.S. Energy Informa-
tion Administration (EIA), the Environmental Protection 

Table 1  Proposed performance measurement systems for critical infrastructure systems

Infrastructure system Performance measurement Disruptive event Reference

Critical networks Percentage of nodes functioning; Ratio of a network’s actual flow to its 
maximum capacity

Natural disasters, 
epidemics, and 
cyber threats

Ganin et al. (2016)

Emergency Services Number of users notified by an emergency alert system Natural disasters Choi et al. (2019)
Energy Number of events in which voltage levels fall outside a predetermined 

range; Duration and percentage of customers affected in a given area
Natural disasters Kwasinski (2016)

Percentage of power supply in its normal value Hurricane Ouyang and Wang (2015)
Percentage of maximum gas flow in its normal value Hurricane Ouyang et al. (2012)
Lost power times its duration Intentional Attack Ouyang and Fang (2017)

Transportation systems Traffic flow capacity Earthquake Bocchini et al. (2014)
Average trip time N/A Martland (2012)

Water Fraction of water supply to demand nodes N/A Zhuang et al. (2013)
Percentage of homes with running water; Average distance to the near-

est clean water in rural villages
Contamination of 

drinking water; 
Earthquakes; 
Tsunamis

Martland (2012)

Table 2  Estimated use of water 
per capita (2 psi pressure ≈ 5 
ft head)

Water use Usage (gal per 
day)

Electricity usage (Wh 
per gal)

Time interval 
(h)

Desired 
pressure 
(psi)

Thermoelectric 297 N/A 0.5 2
Irrigation 368 2.08 2
 Fruits 41 82
 Vegetable 20 96
 Grains 286 305
 Oils 20 158

Domestic 73 2.84
 Drinking 1 2 50
 Bathroom faucets 7 3 50
 Toilet water 23 3 20
 Dishwasher/kitchen sink 8 5 50
 Shower 14 16 50
 Laundry 18 168 40
 Irrigation 2 240 20

Public supply 49 2.35 198 20
Industrial 44 2.57 48 20
Aquaculture 24 1.85 336 15
Mining 6 2.50 48 50
Livestock 6 2.50 2.6 15
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Agency (EPA), and the USGS are the sole sources of the 
data presented in Table 2 (Dieter et al. 2018; EIA 2017; 
EPA 2010). The desired pressures in water distribution sys-
tems are obtained from Ghorbanian et al. (2016). Please 
note that the water usage values describe the amount of 
water withdrawn from water sources and do not necessar-
ily represent water consumptions that are permanently lost 
from their sources.

Looking at the national patterns of water use indicate that 
the largest demand for water use in the US is irrigation with 
around 118 billion gallons per day (42% of freshwater use), 
followed by a thermoelectric generation with around 98 bil-
lion gallons per day (34% of freshwater use), other water-
use categories need energy to supply water through pump-
ing, transportation, and treatment. Thermoelectric power 
plants using wet cooling systems require large amounts of 
water to produce electricity. These power plants can poten-
tially operate 24/7/365 except for maintenance periods and 
unexpected outages. Therefore, their time interval is very 
short. Irrigation water use is accounted for sustaining plant 
growth in agricultural and horticultural practices. Differ-
ent types of plants need different amounts of water. The 
irrigation sub-components adopted in the study are food 
patterns suggested by the U.S. Departments of Agricul-
ture (USDA 2015). To determine the irrigation frequen-
cies (time interval), a dataset of common foods (between 3 
and 15 options) was prepared and the required amounts of 
water and light, average yield per plant, and other relevant 
requirements (e.g., chilling requirements representing the 
number of hours at 7 °C or less for fruits and vegetables) 
were taken into consideration.

Public supply water is delivered to commercial users and 
used for public purposes such as firefighting, street wash-
ing, and maintaining municipal parks. The average time 
interval a US fire department responds to a fire is used for 
the analysis. Manufacturing and other fabricating industries 
use water for producing, processing, cooling, or transport-
ing a product. Lizarraga (2013) identified the capacity for 
resilience of water utility disruption events by interviewing 
288 businesses that experienced contamination events and 
water outages. The analysis was reported for a 6-day water 
outage event and businesses in construction, manufacturing, 
and transportation reported temporarily closing for 33.2% of 
the total duration of the event. It is assumed that industrial 

water users will face difficulties in performing their activities 
during water outage events for more than 48 h.

Aquaculture water use is water associated with breed-
ing, raising, and harvesting of organisms (e.g., fish) in 
water. Water reuse is practiced in most aquaculture units, 
but still, regular water replacement is necessary to main-
tain adequate water quality. The water replacement intervals 
depend largely on the oxygen level of the water, stocking 
density, and the type of feed given to the organisms but it is 
recommended to change the water at least once in two weeks 
(Boyd and Tucker 2012).

Mining water use includes quarrying, mineral processing, 
injection of water for secondary oil recovery, or unconven-
tional oil and gas recovery (such as hydraulic fracturing—
mostly saline water), and other operations associated with 
mining activities. We did not find information related to the 
performance consequence of water supply disruption on 
mining activity, but the time interval for industrial use could 
be used due to the similarity between these two categories. 
Last, livestock water use is water associated with livestock 
watering, feedlots, dairy operations, and other on-farm 
needs. Most of the animals (dairy cows, beef cattle, sheep, 
and lambs) can only live about seven days without water and 
they should be given all the water they can drink. Livestock 
water use may vary greatly depending on the kind and size 
of the animal, feed intake, activity level, physical state, and 
environmental temperature. We have compiled the drink-
ing behavior of dairy cows from a few studies to determine 
the minimum time interval to supply water for livestock use 
(Cardot et al. 2008; Houpt 2018; Huzzey et al. 2005).

To track water utility performance, a benchmarking 
program led by the American Water Works Association 
(AWWA) has been influential in setting guidelines to gauge 
water system performance levels and, when tracked over 
time, the performance trends. Disruptions of water ser-
vice (outages/1000 accounts) for three time periods (< 4 
h, 4–12 h, > 12 h) and available water supply to current 
water demand (%) are performance indicator specific to the 
water sector developed and suggested by this association 
(AWWA 2019). We adopt these indicators and expand them 
with more attributes. The performance of a water system is 
characterized by three attributes: pressure, quantity (flow), 
and quality, and measured by the period(s) the water supply 
is disrupted. The following equation is developed to calcu-
late the performance of the water system:

(5)PW =

⎧⎪⎨⎪⎩

∑(n)×tint
(n−1)×tint

min(WS,WD)×min(PS,PD)×tint
WD×PD×tslack

if QS ≥ QD

0 if QS < QD

and n = 1, 2, 3, …
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where PW is the water system performance, tint is the time 
interval in hour (see Table 2), Ws is the amount of water 
supply (flow) in gpd, WD is the desired water demand in gpd 
(see Table 2), Ps is the pressure in the water supply in psi, PD 
is the desired water pressure in psi (see Table 2), Qs is the 
quality in the water supply, QD is the desired water quality.

The following example illustrates this performance met-
ric: A water utility system is designed to supply drinking 
water for a town with 160 people. The desired water demand, 

WD, for a 16-h day is 160 gallons per day (note: tint = 2 h, 
PD = 50 psi). The amount, pressure, and quality of the water 
supply are measured on an hourly basis. Figure 2 shows 
the measured data and the system performance. For the first 
2-h period (0–2), only 18 out of 20 gallons have been sup-
plied therefore the performance is 90%. For the second 2-h 
period (2–4), the amount of water supply met the demand, 
however, the water pressure has been measured 48 psi dur-
ing the 3–4 h period, therefore, the performance is increased 
to 98%. The quality of water did not meet the requirement 
during the 6–8 h period therefore the performance is only 
60%. The overall performance for this 10-h measured period 
is 89.6%. The calculations for these three time periods are 
provided below:

4.2  Measuring the performance of energy systems

Even though energy exists in many different forms, the 
performance of energy systems in this study is measured 
based on two broad categories: electricity and transpor-
tation fuel. These two categories dominate the energy 
market and are sufficient to describe the performance 
of different energy forms. Measurement of the system 
performance should indicate to what extent the energy 
production and supply meet the demand. The performance 
of a transportation fuel energy system is easy to measure 
because this form of energy can be stored (e.g., gasoline or 
aviation fuel can be stored underground in buried tanks). 
The performance of the energy system—transportation 

PW(t = 0 − 2) =

∑2

0
min(9, 10) ×min(50, 50) × 2

10 × 50 × 2
= 90%

PW(t = 2 − 4) =

∑2

0
min(11, 10) ×min(49, 50) × 2

10 × 50 × 2
= 98%

PW (t = 4 − 6) =

∑2

0
min(6, 10) ×min(50, 50) × 2

10 × 50 × 2
= 60%

PW(t = 0 − 10) =
2 × (9 × 50 + 10 × 49 + 10 × 50 + 6 × 50 + 10 × 50)

10 × 50 × 10
= 89.6%

1 2 3 4 5 6 7 8 9 10
Flow (FS) 5 4 5 6 6 5 5 6 2 9
Performance 90% 90% 98% 98% 100% 50% 60% 80% 100%
Pressure (Ps) 50 50 50 48 50 50 50 50 50 50
Quality 1 1 1 1 1 1 0 1 1 1
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Fig. 2  Performance measurement for a hypothetical water system
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fuel is measured by the ratio of supply to demand. The 
energy system—electricity is not that straightforward and 
both power outage frequency and duration must be con-
sidered to measure the performance. The supply-demand 
ratio does not reflect the brief power outages lasting for 
a few seconds. However, the survey studies supported by 
the U.S. Department of Energy showed that the impact of 
brief service interruptions (1–2 s) is approximately equal 
to 10–25 min outage (Campbell and Lowry 2012; LaCom-
mare and Eto 2006; Lawton et al. 2003). A conservative 
approach to consider the outage frequency would be to 
add 10 min to each momentary outage. Furthermore, as 
the length of the outage increases, the negative impact of 
reduced performance could become greater. This impact 
depends not only on the duration, but also the season, 
time of day, and even day of the week are contributing 
attributes. We only take the outage duration into account 
for performance measurement intending to generalize the 
results to a wider energy system. The data from prior 
power outage cost or lost value studies were gathered and 
combined in this research to understand this relationship 
(Balducci et al. 2002; Hashemi et al. 2018; Küfeoğlu and 
Lehtonen 2015; Reichl et al. 2013). Because the datasets 
were gathered differently (e.g., 1/3–1–4 h outage periods 
versus 1–4–8–24 h outage periods or $ per interruption 
versus $/KWh), a relative cost and linear interpolations 
are used to standardize and convert them. The results 
for five sectors and their mean values are presented in 
Figure 3. Although the performance of the energy sys-
tem for each sector decreases substantially as the outage 
duration increases but mean (aggregated) values show a 

linear relationship between the outage duration and the 
performance.

The performance of an energy system—electricity is 
measured by the period(s) in which the power supply is 
disrupted and characterized by three attributes: power 
supply, voltage, and number of outages. The following 
equation is developed to calculate the performance of the 
energy system:

where PE is the energy system performance, Es is the amount 
of power supply, ED is the amount of power demand, Vs is 
the voltage in the electricity supply, VD is the desired elec-
tricity voltage, Vmin is the minimum electricity voltage below 
which electric devices will not operate, teqv is the equiva-
lent time period with similar impact on the performance per 
power outage (e.g., 10 min), tout is the duration of the power 
outage, Nout is the total number of the power outage

4.3  Measuring the performance of food systems

The food system is a multidimensional network that inte-
grates production, processing, distribution, and consump-
tion: The availability and accessibility of the food supply 
directly affect the consumers (social dimension). There is 
a significant balance between high-quality food and human 
health (Segneanu et al. 2018). The dependence of agricul-
ture on natural resources such as soil and water related to 
the environmental dimension. And the relative economic 
contribution of production agriculture cannot be disregarded 

(6)PE =

{
ES×VS×(Nout×teqv+tout)
ED×VD×WD×WD×tslack

if VS ≥ Vmin

0 if VS < Vmin
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Fig. 3  Power outage costs for sector electricity customers
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(economic dimension) (IOM and NRC 2015). For this paper, 
two measures of performance are important: a measure of 
quantity is the amount of food produced, and quality char-
acterizes nutrition, taste, and dietary components relative 
to a benchmark, such as the dietary information provided 
by the Food and Agriculture Organization (FAO) of the 
United Nations(UN) (Kennedy et  al. 2011). These two 
dimensions are used to measure the performance based on 
six food groups of the dietary recommendations set forth by 
the USDA. Thus, the performance of a food system is char-
acterized by quantity and quality dimensions and measured 
by the time period(s) the food supply is disrupted. The fol-
lowing equation is developed to calculate the performance 
of the food system:

where PF is the food system performance, tint is the time 
interval (see Table 3), Fs is the amount of food supply, FD is 
the desired food demand (see Table 3), Qs is the quality in 
the food supply, QD is the desired food quality.

Table 3 lists the recommended amounts of food from each 
food group for a moderately active household consisting of 
one male and one female adult, 36 to 40 years old, and a 
child, 10 years old. This study uses the data of average male 
and female adults and children in the US; For adults, the 
reference male is 5 ft and 10 in (178 cm) tall and weighs 
197.8 lb (89.7 kg) who needs 2600 calories per day, and 
the reference woman is 5 ft 3 in (162 cm) tall and weighs 
170.5 lb (77.3 kg) who needs 2000 calories per day (Fryar 
et al. 2018). For children, the reference boy is 4 ft and 8 in 
(142 cm) tall and weighs 85 lb (38.5 kg) who needs 1800 
calories per day, and the reference girl is 4 ft 8 in (143 cm) 
tall and weighs 88 lb (39.9 kg) who needs 1800 calories per 
day. Since the average household size in the US is 2.6 peo-
ple, only 60% of a child’s consumption is considered for the 

(7)

PF =

⎧⎪⎨⎪⎩

∑(n)×tint
(n−1)×tint

min(FS,FD)×tint
WD×tslack

if QS ≥ QD

0 if QS < QD

and n = 1, 2, 3, …

calculation of the total household consumption (MacDonald 
and Reitmeier 2017)). The number of calories needed for 
this household is estimated to be 39,760 cal/wk (or 5680 
cal/day). Food is generally consumed after being stored in 
a cool, dry place. Unlike the electricity or even water, the 
time interval is not necessarily the recommended number 
of daily or weekly servings of each food group. Grocery 
shopping frequency for each food group serves as a basis 
for time intervals. A survey of 2145 regular shoppers of 
groceries, sponsored by the Food Marketing Institute (FMI) 
Foundation, indicates that U.S. consumers aged 18 and older 
make 1.6 trips per week on average (FMI 2017). The aver-
age energy consumption and water footprints for each food 
group are also included in this table. The water data are 
adopted from Mekonnen and Hoekstra (2010) and the energy 
data are compiled from Ladha-Sabur et al. (2019).

5  Measuring labor intensity

The objective of this study is to assess the impact of a sud-
den labor shortage on the resilience of FEW systems. There-
fore, it is important to measure the labor intensity of FEW 
productions. In general, labor intensity is measured by the 
amounts of labor used to produce goods or services. We 
adopt the approach that the U.S. Bureau of Labor Statis-
tics (BLS) uses to measure the labor intensity and evaluate 
the labor-intensive industries (BLS 2019); the ratio of the 
employed population to the unit of production. This measure 
indicates the extent to which FEW systems absorb labor for 
each unit of production. It is difficult to distinguish the out-
put of FEW workers from other establishments since mul-
tiple industries and critical infrastructure systems work and 
interact with each other to produce and ultimately deliver the 
service to their end users. For instance, equipment operators, 
truck drivers, or even certain administrative positions are 
simultaneously working for multiple employers and cross-
industry boundaries to provide FEW services. To measure 
the labor intensity of FEW productions, we focus on the 
workforce directly involved in the production, distribution, 
delivery, operation, and governance of FEW systems in the 
US. We primarily use the North American Industry Clas-
sification System (NAICS) to classify business establish-
ments related to FEW systems. The NAICS is updated every 
5 years to collect and publish statistical data related to the 
U.S. business economy. The 2017 standard is the most recent 
version at the time of this study, which is valid through 2022. 
The employment data established under NAICS are then 
integrated and compared with the employment data publicly 
available from the BLS Occupational Employment Statistics 
(OES) program to classify the most relevant jobs and their 
employment linked to FEW systems. Once industries and 
most relevant occupations are identified, the last step is to 

Table 3  Recommended intake amounts for a household with energy 
and water footprints

Category Consump-
tion (lb per 
week)

Time 
interval 
(day)

Water foot-
print (gal 
per lb)

Energy 
footprint (Wh 
per lb)

Vegetables 21.0 4.4 38.6 299.9
Fruits 13.7 4.4 115.3 643.8
Grains 8.1 4.4 197.0 781.2
Dairy 27.7 4.4 122.2 344.0
Protein 

Foods
6.8 4.4 935.0 504.0

Oils 1.2 14 283.3 520.4
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calculate how much employment is related to each category 
of FEW systems (as listed in Tables 2 and 3). Defining a pre-
cise range of occupations for each category (e.g., water use 
for mining) is a challenging task due to the way that NAICS 
and BLS employment data are gathered and expressed in a 
summary form.

5.1  Labor intensity of water systems

The water sector covers an extensive spectrum of occupa-
tions and business establishments, from utilities manage-
ment, administration, and customer service to construction 
and engineering industries that supply goods and services to 
support water-related activities. Although we only consider 
those industries and occupations that directly provide water 
(e.g., water lines and wastewater treatment) or essential 

services, it is expected to have significant overlap between 
water workers and other industries, including energy produc-
tion and distribution. A list of six business establishments 
has been identified, with relevant sub-industries highlighted 
in Table 4. The information covers the most relevant indus-
tries linked to water production and distribution systems.

In addition to water-related industries, occupational 
employment data from the BLS OES program is used to 
classify the water-related occupations. Jobs directly involved 
in the design, construction, operation, maintenance, and 
administrative and governance of water systems and their 
physical assets are taken into consideration. Office and 
Administrative Support Occupations (group ID 43), Con-
struction and Extraction Occupations (group ID 47), and 
Production Occupations (group ID 51) are major water-
related groups. A list of these occupational groups is high-
lighted in Table 5.

Table 4  Business establishments related to water systems (NAICS 2017)

Sector Category Code Description Est. employment

Utilities Thermoelectric 22-111 Electric Power Generation 3692
Domestic and Public Supply 22-131 Water Supply & Irrigation Systems 38,510

Construction All Water Categories 23-711 Water Line and Related Structures Construction 146,957
Domestic and public supply 23-822 Plumbing contractors 103,976

Professional, Scientific, 
and Technical Services

All water categories 54-162 Environmental Consulting Services 88,391

Public administration Domestic and public supply 92-11 Local government, excluding schools and hospitals 244,500

Table 5  Occupations in water systems (BLS 2019)

Sector Code Description Est. employment Related categories

Architecture and engineering 17-2081 Environmental engineers 53,150 All categories
Office and admin. support 43-5040 Meter readers, utilities 30,450 Domestic and public supply
Construction and extraction 47-2151 Pipelayers 36,270 All categories

47-2152 Plumbers, pipefitters, and steamfitters 442,870 Domestic and public supply
Production 51-8030 Water and wastewater treatment plant and 

system operators
123,730 All categories

Table 6  Labor intensity of 
water systems

Category Water supply (million gal-
lons per day)

Est. employment Labor intensity (M 
gal per day/worker)

Thermoelectric 98,000 5040 19.4
Irrigation 118,000 17,575 6.7
Domestic 39,000 418,165 0.1
Public supply 12,440 133,380 0.1
Industrial 14,800 9055 1.6
Aquaculture 7550 1125 6.7
Mining 4000 2450 1.6
Livestock 2000 300 6.7
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As can be seen in Tables 4 and 5, some of the water-
related workforce data are unique to a particular water use, 
while others are shared among all categories. To aggregate 
and combine this data with the total U.S. water supply, the 
average price of delivering a unit quantity of water (e.g., 
one gallon) to consumers is used. The higher the price, the 
greater number of workers. The average price of domestic 
and public supply water uses are the most expensive at 14 
times the price of water for irrigation, livestock, and aqua-
culture uses, 15 times the price of water for industrial and 
mining uses, and 65 times the price of water for thermo-
electric use. For water use categories at the same price, the 
estimated employment is distributed according to the water 
supply values. The estimated employment and labor inten-
sity for each water-use category are shown in Table 6.

5.2  Labor intensity of energy systems

In addition to the employment data from the BLS, the data 
collected on behalf of the U.S. Department of Energy (DOE) 
for 2019  are used here to measure the labor intensity of the 
U.S. Energy system (Barrett and Yudken 2020). The energy 
system can be categorized into two main classes: trans-
portation fuel and electricity. These two classes of energy 
can cover all forms of energy. Even energy forms such as 
natural gas or firewood, not traditionally a transportation 
fuel or electricity class, can be converted or used to pro-
duce transportation fuel or electricity. Table 7 lists energy-
related employment in the U.S. national production, and 
labor intensity. All occupations related to fuel extraction, 
processing (e.g., oil refineries), and production (e.g., corn 
ethanol) are included in the transportation fuel employment 
data. The electricity class covers all occupations related to 

power generation, distribution, and maintenance. While the 
electricity generation can be distinguished by energy source, 
transmission and distribution sectors encompass the employ-
ment associated with the entire network of power lines that 
transmit electricity from generating stations to customers 
regardless of the energy source. This sector alone employs 
nearly 884,800 people. Neither NAICS codes nor BLS occu-
pations address this distinction effectively. Therefore, the 
employment data are distributed according to the generation 
share of electricity by energy source (natural gas: 38.4%, 
coal: 23.5%, Nuclear: 19.7%, Renewables: 17.5%, other: 
0.9%). To better understand the scale of measurements in 
Table 7, consider the national daily average of about 3.03 
gallons of finished motor gasoline consumption and 30.5 
kWh per household (EIA 2020). Fuel gallon equivalent 
allows us to compare the energy content of transportation 
fuels against a commonly known energy source such as elec-
tricity. One gallon of gasoline has the energy of 34 kWh 
electricity.

5.3  Labor intensity of food systems

The food sector captures a wide range of agriculture and 
farm-related industries. In 2018, 22.0 million full- and part-
time jobs were related to the agricultural and food sectors, 
direct on-farm employment accounted for about 2.6 million 
of these jobs (USDA 2018). The business establishments 
involved in overseeing the food system are identified based 
on the NAICS. Only those directly involved in the produc-
tion and distribution are chosen. A list of eighteen busi-
ness establishments has been identified, with relevant sub-
industries highlighted in Table 8. Because of the tremendous 
overlap between food-related establishments and due to lack 

Table 7  Labor intensity of 
energy systems

Category Daily energy supply Est. employment Daily labor intensity

Transportation fuel
 Petroleum 715.7 M gal

(5950 Btu)
615,528 1,163 gal per day/worker

(0.0097 Btu per day/worker)
 Ethanol/Biofuel 96.2 M gal

(800 Btu)
107,914 891 gal per day/worker

(0.0074 Btu per day/worker)
Electricity
 Natural gas 4,334 kWh

(14.8 MMBtu)
616,168 7.0 Wh per day/worker

(24.0 Btu per day/worker)
 Coal 2,647 kWh

(9.0 MMBtu)
354,056 7.5 Wh per day/worker

(25.6 Btu per day/worker)
 Nuclear 2,216 kWh

(7.6 MMBtu)
244,315 9.1 Wh per day/worker

(31.1 Btu per day/worker)
 Renewables 1,973 kWh

(6.7 MMBtu)
409,695 4.8 Wh per day/worker

(16.4 Btu per day/worker)
 Other 101 kWh

(0.3 MMBtu)
11,568 8.8 Wh per day/worker

(30.0 Btu per day/worker)
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of statistical benchmark, establishments such as Grocery 
and Related Product Merchant Wholesalers (NAICS code 
4244), Food and Beverage Stores (NAICS code 442), Food 
Services and Drinking Places (NAICS code 722) and even 
Support Activities for Crop Production (NAICS code 1151) 
are excluded in the analysis.

In addition to the food-related industries, this study analy-
ses occupational employment data from the BLS OES pro-
gram to further explore the food-related workforce. Food 
Preparation and Serving Related Occupations (group ID 35) 
and Farming, Fishing, and Forestry Occupations (group ID 
45) are major occupation groups that have significantly high 
shares of the food-related workforce. A list of three occupa-
tional groups has been identified, with relevant occupations 
highlighted in Table 9. While national levels of employment 

serve as a foundation for our food-related employment, it 
should be borne in mind that these data are estimates not 
actual counts of the number of occupations in the USA

After the food-related workforce data are gathered, the 
direct production and processing employment numbers for 
each food category are aggregated and combined with the 
total U.S. food production to calculate the labor intensity for 
the food system. As shown in Table 10, the labor intensity is 
measured based on the full-time worker per unit of produc-
tion to be consistent with the recommended intake amounts 
listed in Table 3. The food production data are collected 
from USDA Yearbook Data (Kenner and Kramer 2019; Parr 
et al. 2018) and Liddel and Yencho (2020).

Table 8  Business establishments related to food systems (NAICS 2017)

Sector Category Code(s) Description Est. employment

Agriculture, Forestry, 
Fishing and Hunting

Vegetables 11-12 Vegetable and Melon Farming 106,527
11-141 Food Crops Grown Under Cover 24,019

Fruits 11-13 Fruit and Tree Nut Farming 184,450
Grains 11-114 Wheat Farming 27,136

11-115 Corn Farming 129,810
11-116 Rice Farming 3860
11-113 and 11-119 All Other Grain Farming 60,495

Dairy 11-212 Dairy Cattle and Milk Production 94,327
Oils 11-111 Soybean Farming 86,701

11-112 Oilseed (except Soybean) Farming 15,562
Protein Foods 11-211 Beef Cattle Ranching and Farming, including Feedlots 137,674

11-22 Hog and Pig Farming 39,188
11-23 Poultry and Egg Production 44,743
11-24 Sheep and Goat Farming 1454
11-25 Aquaculture 4582
11-41 Fishing 6474

Manufacturing Fruits 31-14 Fruit Preserving and Manufacturing 56,230
Grains 31-121 Flour Milling and Malt Manufacturing 25,566

31-123 Breakfast Cereal Manufacturing 13,228
31-18 Bakeries and Tortilla Manufacturing 156,791

Dairy 31-15 Dairy Product Manufacturing 142,742
Oils 31-122 Starch and Vegetable Fats and Oils Manufacturing 22,095
Protein Foods 31-16 Animal Slaughtering and Processing 506,311

31-17 Seafood Product Preparation and Packaging 33,618

Table 9  Occupations in food systems (BLS 2019)

Sector Code Description Est. employment Related categories

Food preparation and serving 35-2021 Food Preparation Workers 863,740 All categories
Farming, fishing, and forestry 45-0000 Farming, Fishing, & Forestry 418,780 All categories
Production 51-3020 Butchers & Other Meat, Poultry, & 

Fish Processing
364,150 Protein foods
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6  FEW interconnections and impact of labor 
shortage on productivity

In a general sense, the productivity of water or energy 
systems is a function of the productivity of each worker. 
The linkage between individual productivity and the pro-
ductivity of the systems is blurred and seldom one to one. 
To gauge the individual’s contribution to the system pro-
ductivity, hourly wages of the selected occupations related 
to water and energy systems are used. In other words, the 
occupations with higher hourly wages contribute more 
to the productivity of the system. Table 11 shows that 
employment in energy and water systems are divided 
into six classes of occupations. The following equation 

calculates the share of each class of occupation in the total 
system productivity (Productivity Share):

where n is the number of occupation classes, e.g., 6 for this 
study. The productivity share of 8% for Administrative & 
Customer Service positions in the water system means that 
if we lose all occupations in this class (14% of total water 
workforce), the system productivity reduction is projected 
to be about 8%.

The FEW systems are interdependent and a sudden labor 
shortage in one system can trigger the failure of other sys-
tems and so on. Cascading failures are taken into considera-
tion in this study to analyze the impact of labor shortage 

(8)

Productivity Share =
Occupation Share × Hourly Wage∑n

i=1
(Occupation Share × Hourly Wage)i

Table 10  Labor intensity of 
food systems

Category Sub-category Production (mil-
lion lb)

Est. employment Labor inten-
sity (M lb/
worker)

Vegetables Grown in field operation/ 
under cover

124,041 230,700 0.54

Fruits Fruits 47,388 356,770 0.13
Grains Wheat 113,109 61,960 1.83

Corn 807,526 286,950 2.81
Rice 22,421 6820 3.29
All other grains 104,801 142,490 0.74

Dairy Dairy 218,382 244,880 0.89
Oils Soybean 24,290 159,270 0.15

Oilseed 12,578 33,550 0.37
Protein Foods Red meat except pork 27,177 543,220 0.05

Pork 26,330 153,000 0.17
Chicken and turkey 49,162 315,580 0.16
Fish and seafood 8126 64,800 0.13
Egg 14,157 N/A N/A

Table 11  Share of occupations 
in the energy and water 
productivity

System Occupation class Occupation 
share (%)

Hourly wage 
(median)

Productivity 
share (%)

Water Production & Manufacturing 22 $23.8 17
Maintenance & Repair 37 $27.4 33
Administrative & Customer Service 14 $18.3 8
Management & Business 10 $51.0 17
Sales 5 $44.2 7
Other 12 $44.5 17

Energy Production & Manufacturing 13 $37.5 13
Maintenance & Repair 32 $33.8 30
Administrative & Customer Service 21 $18.9 11
Management & Business 19 $55.6 29
Sales 12 $34.4 11
Other 4 $48.9 5
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on the system productivity. The impact of labor shortage in 
the water workforce (est. employment of 587,090) is shown 
in Figure 4a. For example, a 50% reduction in the water 
workforce would result in a 35% performance reduction. 
This production loss cascades through the components of 
the energy and food systems (e.g., thermoelectric power 
production) and continues until substantially all the compo-
nents are compromised and/or the energy or food systems 
disconnect from the water source. The performance loss in 
the water system will be followed by a cascading failure 
of interconnected energy systems if no actions are taken 
to designate essential workers. Almost all major sources 
of electricity rely to some degree on water. As shown in 
Fig. 4b, the failure of the water system impairs the energy 
system. The direct consequences of water system disruptions 
on the food system are obvious. In addition, the performance 
reduction in the energy system followed by the water system 
disruptions can also impair food production. Therefore the 
performance of the food system decreases slowly at first, 
then increases more rapidly as workforce reduction increases 
(see Fig. 4c). Note that Fig. 4 is based on the assumption that 
only the water sector is facing a shortage of workers.

The impact of labor shortage in the energy workforce (est. 
employment of 2,359,244) is shown in Fig. 5a. For example, 
a 50% reduction in the energy workforce would result in 
a 38% performance reduction. Again, this production loss 
cascades through the components of the water and food sys-
tems (e.g., domestic supply), and the performance loss in 
the energy system will be followed by a cascading failure 
of interconnected water systems if no actions are taken to 
designate essential workers. The failure of the energy sys-
tem impairs both the water and the food systems because 
pumps and other equipment do not work without electricity. 
Tables 2 and 3 show the electricity used for supplying water 
and food. The water or food groups that are less dependent 
upon energy are also more resilient to the energy system 
performance loss. This is why the performance reduction 
for the water and food systems increases slowly at first and 
then more rapidly as the energy supply disruption cascades 
through the components of more vulnerable water and 
food systems. As shown in Table 2, major water uses rely 
on energy to supply water. These cascading effects can be 
seen in Fig. 5b and c. Note that all water uses are weighted 
equally.

(a)     (b)    (c) 
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Fig. 4  Performance of water systems to labor shortage a direct impact on the water systems, b cascading effect on energy systems, and c cascad-
ing effect on food systems
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Fig. 5  Performance of energy systems to labor shortage: a direct impact on the energy systems, b cascading effect on water systems, and c cas-
cading effect on food systems
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A food system needs to maintain its essential functions 
in the case of a disruptive event. This is possible by giving 
higher priority to subcategories that produce more with less 
labor (lower labor intensity and therefore labor dependency). 
Therefore, the rate of lost productivity due to a labor short-
age increases slowly at first, then more rapidly as the number 
of workers decreases (see Fig. 6a). The performance of water 
systems is independent of food shock, however, disruptions 
on the food system would impact the production of ethanol 
and biofuel (see Fig. 6b).

7  Example application of labor shortage 
and COVID‑19

The labor shortage in the FEW workforces caused by the 
COVID-19 pandemic is chosen to compare the proposed 
way of evaluating the resilience of FEW systems with the 
empirical data. The use case is illustrative and included only 
to demonstrate the application of the resilience metrics to 
measure the system performance and the role of adjustments 
and decisions on the overall increase in the system perfor-
mance. We focus on workforce shortages directly impacted 
by the novel coronavirus disease, but other disruption and 
hazard types could be considered.

Figure 7 shows the U.S. workforce reduction caused by 
the pandemic and funding programs related to FEW systems 

to combat the pandemic. On 20 January 2020, the first 
known case of COVID-19 was confirmed in the USA On 31 
January, the U.S. government declared a public health emer-
gency, but it was not until 15 March that many businesses 
closed or reduced hours and, schools across the country were 
shut down  (t0: start time of the disruptive event, March 15). 
Soon after, business establishments encouraged employees 
to work from home and all sports events and seasons were 
canceled. The U.S. government authorized the use of $105 
million to respond to coronavirus by March 15 and had spent 
$240 million by March 22 and $540 million by March 29.

When the country saw its peak for unemployment filings 
during the week ending April 4, initial adjustments were 
taken to maintain continuity of operations of essential and 
critical infrastructure sectors. By April 19, the U.S. govern-
ment provided $8.3 billion in emergency funding for federal 
agencies to respond to the outbreak. The U.S. and local gov-
ernments took advantage of technology and communication 
solutions to enforce social distancing policies until the end 
of April. By mid-May reports of new cases began to level 
off and most states began to open businesses. From mid-
April to mid-May, federal agencies tagged more than $76 
billion as being part of the $2.2 trillion stimulus package, 
known as the Coronavirus Aid, Relief and Economic Secu-
rity (CARES) Act.

The resilience metrics defined at the beginning of the 
study are used here to quantitatively measure the resilience 

Fig. 6  Performance of food sys-
tems to labor shortage: a direct 
impact on the food systems and 
b cascading effect on energy 
systems
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of FEW systems. Figure 8 shows the impact of the work-
force reduction caused by the pandemic on the FEW system 
performance. For simplicity, all subcategories of the FEW 
systems are weighted equally. The maximum amount of time 
post disaster for tslack is considered two months (until May 
17). Also, the cost of full automation, Caut, is considered 
$2.2 trillion equal to the funds provided by the CARES Act.

The original stable performance level, P0, is set at 100% 
equal to the FEW average consumptions per U.S. household 
(see Tables 2 and 3). The performance level post-disruption 
and before any recovery efforts (i.e., April 4 or day 21) fol-
lows the patterns shown in Figs. 4, 5, and 6 and falls at its 
lowest point, PD, during the pandemic. Up to this point, the 
integrated resilience metric represents the absorptive capac-
ity resilience.

If no actions are taken to mitigate the impact of labor 
shortage, the performance continues declining for the rest of 
the pandemic period. This projection is shown with dashed 
lines in Figure 8. The adaptive capacity period begins on 
day 21 after implementing adjustments to maintain the 
operations of essential critical infrastructure sectors. The 
performance of the water and energy systems had improved 
more rapidly as essential workers represented nearly 85% of 
all water and energy workforce and due to a record drop in 
the transportation fuel demand. Such steady improvement 
is not observed for the food system because disruptions in 
some activities (e.g., harvesting activities and supply chains 
because of transportation problems) cannot be compensated. 
Day 50 is the time to complete initial adjustments, ta, and the 
time to final recovery is not yet to come.

Rabs =
PD

P0

≫ Rwater =
93.7

100
,Renergy =

93.7

100
,RFood =

95.7

100

8  Conclusions

The importance of enhancing the resilience of food, energy, 
and water systems have long been recognized. In this regard, 
researchers have established a set of metrics that adequately 
measure and evaluate the behavior of systems. Unfortu-
nately, the state of practice is different. Although there are 
always improvements to be made to further develop these 
metrics (e.g., by adding new dimensions), it can be inferred 
that the broad scope and standardized form of these metrics 
are the reasons for their limited use. Lack of quantitative 
data to measure the system performance and not specific 
disruptive events are unexplored areas on which we should 
base our research. Comprehensive studies of FEW systems 
that specify the role of time, quantity, and quality of FEW 
uses on the system performance are rare in the published 
literature. For example, the authors could not find a single 
study where these dimensions are considered to assess the 
performance of the system over time. Time intervals are 
defined for each system to address this aspect of FEW sys-
tem performance. Decisions or strategies that aim to enhance 
resilience in one domain (e.g., water system) can have con-
sequences not only in the same domain but also in other 
ones (e.g.,, energy and food). These consequences are often 
substantial across time and space and not necessarily posi-
tive. The content presented in this study should prove useful 
to decision-makers and planners in the measurement of FEW 
system performance and their labor intensity and ultimately 
in the assessment of FEW resilience.

The major conclusion drawn from this research is that 
a labor shortage in the energy workforce has a relatively 
high impact on the FEW system performance. This can be 
explained by the fact that both water and food systems are 
largely dependent on energy sources and unlike food or 
water, electrical energy storage is significantly more expen-
sive. Furthermore, the current food system is more resilient 
to a sudden labor shortage compared to the energy and water 
systems. Perhaps the variety of food groups and alternatives 
enables the food systems to better absorb the impacts of a 
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sudden labor shortage, particularly when the reduction in the 
workforce or full-time workers is 50% or less.

The data collected and developed by both public and by 
private initiatives in this matter are crucial in assessing and 
comparing the effects of disruptive events on FEW systems. 
The lack of detailed data on FEW consumption patterns was 
a major challenge for our research to understand the effects 
of a labor shortage on the system performance. The overall 
challenge in the present study was the lack of segregated 
datasets and validated metrics. The study has contributed 
to the literature by providing a summarized format for the 
workforce directly involved in the production and govern-
ance of FEW systems. Supporting the collection of datasets 
that can be used for the FEW system assessments should be 
given priority. The lack of segregated employment data is 
more evident when measuring the labor intensity of FEW 
systems. It is important to know how many hours of work 
are involved in producing and distributing a pound of food, 
or a gallon of water, or a KWh of energy. Not only that, but 
it is also important to know what portion of these work hours 
are in support of production activities (e.g.,, administrative 
occupations), not to mention the quality of the workforce 
(e.g.,, education, experience, etc).

The data gathered and presented for measuring the labor 
intensity of FEW systems provided insightful findings and 
remarks for areas of future research. The results of this study 
contribute to professional planning practice by assessing 
the impact of labor shortage in the FEW workforces on the 
system performance. This will provide planners grounds on 
which to justify automating a process based on the labor 
content. The U.S. water system employs about 600,000 
workers nationwide, making it the least labor-intensive sec-
tor compared to the energy and food sectors. The finding 
implies an easier path toward automation. The water supply 
for domestic and public uses needs nearly 70 times more 
workers to supply 1 gallon of water compared to other water 
uses. The use of water-efficient technologies, such as rain-
water harvesting systems, offers the opportunity for greater 
productivity with less labor. The common uses of rainwater 
include irrigation and toilet flushing that can help to reduce 
the domestic water demands by 23% and ultimately improve 
the system’s resilience. The interconnections between energy 
and water systems should not be neglected.

Energy systems require a significant amount of water 
for cooling systems. More than 80% of the electricity is 
generated by thermoelectric power plants. Energy gener-
ated by renewable sources (e.g.,, solar and wind) provides 
more resilient solutions. Even with the latest advancements 
in energy efficiency technologies, the energy sector still 
requires an enormous class of workers to administer, man-
age, and maintain energy system stability. The US food sys-
tem employs about 2.6 million workers nationwide, mak-
ing it one of the largest sectors in the USA and possibly 

the single largest employer in the world. This is surprising, 
at least when considering how much labor exertion goes 
with its production (e.g.,, 1.83 million pounds of wheat per 
worker). The COVID-19 pandemic exposed the food system 
weaknesses. Food production depends on water and thus 
increasingly subjected to water disruptions. On the other 
hand, the food system is highly dependent on energy not 
only to produce food, but also to process, transport, and 
store it. Investing in the resilience of food systems is, there-
fore, vital to withstand shocks or stresses that could lead to 
collapse.
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